This Letter presents a measurement of the spectral content of frequency shifted pulses generated by a lightwave synthesized frequency sweeper. We found that each pulse is shifted in frequency with very high accuracy. We also discovered that noise originating from light leaking through the acousto-optical modulators and forward propagating Brillouin scattering appear in the spectrum.
A lightwave synthesized frequency sweeper (LSFS) is a fiber optical configuration that uses a frequency shifter in a recirculation loop to obtain a linear frequency sweep of the laser pulses emitted. The resulting output is a train of frequency-shifted pulses. The LSFS was first described in 1990 [1] and has since been described in a number of applications, including WDM systems [2] , medical imaging [3] , dispersion measurements [4] , and in remote sensing [5] . Until now the main emphasis has been on maximizing the frequency sweep range and optimizing the output power stability, which minimizes the noise. Sweeping ranges exceeding 1 THz and stable operation over several hours have been reported [6, 7] .
Most LSFSs reported in the literature rely on acoustooptic modulators (AOMs) to shift the frequency of the light because AOMs have high extinction ratios, often in excess of 50 dB, and provide high-precision frequency shifts determined by the RF frequency feeding the AOM. Using a stable laser source and RF generators, a spectrally stable optical output is obtained. The frequency shift, however, is often in the order of tens or maybe hundreds of megahertz, which is small compared to the approximately 193 THz carrier frequency of a laser emitting around 1.55 μm. Hence, a considerable number of frequency shifts is necessary to obtain a sweep of even 1 nm.
Theoretically, the LSFS was successfully modeled in [8] by assuming that the total power in the ring configuration is always constant. This model has been further developed in later publications to describe various changes to the basic configuration such as different signal wavelengths or sweeping bandpass filters (BPFs) [3, 7, 9] . The advantage of this model is its simplicity; it makes cumbersome rate equations unnecessary and instead allows the use of simple propagation equations to describe the development of signal and noise, coupled through the gain of the amplifier in the loop. However, there also is a drawback: since any time dependencies are disregarded, information on the shape of the individual pulses is lost. Using time-dependent rate equations to describe the LSFS was used in [10] and excellent agreement between simulations and measurements, even on the individual pulses, was found. This agreement, however, came at the expense of longer computation time.
Here we measure the LSFS output in the frequency domain to investigate the frequency sweep accuracy as well as frequency-dependent noise contributions. Figure 1 shows a sketch of the LSFS used. The setup is an all-fiber ring configuration consisting of a 3 dB coupler (① in the figure), a commercial erbium-doped fiber amplifier (EDFA), an BPF with a 3 dB width of 0.84 nm, an AOM (②), an 11 km delay line, and a polarization controller (PC). The ring is initially seeded by a pulse produced by an AOM (③) outside the ring from the continuous output of a narrow linewidth, 1548 nm fiber laser. The pulse length is matched to be approximately 500 ns shorter than the ring round-trip time so that the entire pulse fits within the ring without overlapping with itself. The 3 dB coupler directs half of the power of the seed pulse to the output and the other half into the ring. In the ring, the EDFA is used to compensate for the transmission and coupling loss, the BPF is used to eliminate broadband amplified spontaneous emission (ASE) from the EDFA, and the AOM shifts the carrier frequency of the light by 40 MHz.
The delay line, which is just a length of single-mode optical fiber, is used to adjust the length of the ring to match the desired pulse length and is chosen freely, though in the lower limit the length is constrained by the switching time of the seed AOM. After a full revolution, the power is again divided by the 3 dB coupler and half is directed to the output and half is redirected into the ring where it is re-amplified and the frequency is shifted again. If the pulse length is properly matched with the ring round-trip time the resulting output power is nearly constant in time whereas the carrier frequency is shifted in steps corresponding to the AOM frequency shift at a rate corresponding to the round-trip time.
The operation of the loop with respect to the number of pulses in a pulse train is limited by the BPF in combination with the build-up of ASE. The EDFA has build-in isolators ensuring unidirectional operation for both signal and ASE. However, in the forward direction, ASE builds up over time and deteriorates the signal-to-noise ratio. Since ASE is relatively broad banded the buildup is impeded by the use of a BPF around the signal frequency; the narrower the filter the more ASE it eliminates, but fewer frequency shifts are possible before the signal itself is attenuated. Once this happens it is necessary to restart the LSFS laser ring by closing the AOM inside the ring and thus terminating all light in the ring. This action generates a new seed pulse and the entire process is repeated.
To measure the spectrum of the individual pulses in the frequency-stepped pulse train (FSPT), we use a heterodyne measurement with a balanced photodetector (BPD) and an electrical spectrum analyzer (ESA) (Fig. 1) . One percent of the seed laser power is bypassed the ring and subsequently joined with the resulting pulses at the ring output. This local oscillator signal is necessary for the heterodyne measurement. A time gate is used to measure one and only one pulse at a time. Every time a new pulse train is initiated a trigger signal goes to the ESA, which then measures the pulse for a given length of time (e.g., 10 μs). By changing the time from when the trigger signal is received to when the measurement is initiated, each individual pulse can be measured.
The LSFS described above was used to generate a pulse train consisting of 15 individual pulses, each 50 μs long, for the spectral analysis. Figure 2 shows an example of the spectrum of the 11th pulse in the pulse train measured from 10 to 640 MHz with a resolution bandwidth of 390 kHz and averaged over 200 pulses. The averaging makes stable features that are representative of many pulse trains stand out, while nonstable features might be lost in the averaging.
The main peak is readily seen at 440.0 MHz with a power level of −3.23 dBm, in excellent agreement with 11 frequency shifts of 40 MHz, thereby confirming the ability of the AOM to accurately shift the frequency. This peak is very narrow with a 3 dB width less than the bandwidth of the measurement owing to the narrow linewidth of the seed laser.
Beside the main peak, two distinct features stand out in the spectrum. The first is the narrow peaks seen equidistantly separated on either side of the main peak and marked using . The spacing between these peaks is 40.0 MHz, which strongly indicates that they are related to the AOMs (i.e., light that is either non-or double-shifted in frequency during transmission through the modulators). Most prominent of these peaks are those two immediately next to the main peak at 400 MHz and 480 MHz with peak values of −43.52 dBm and −48.14 dBm, respectively. Below 400 MHz, the height of these peaks lies between −60 dBm and −56 dBm, but with small variations that seem to repeat every 120 MHz. For frequencies higher than the main peak, the height of the peaks gradually decreases, but they are nevertheless visible in the entire measured spectrum.
The second distinct feature is a series of low, but much wider, peaks that are marked here with open circle (∘). The first is centered around 24.4 MHz and has a 3 dB width of approximately 6 MHz. The following peaks are of similar width and separated by about 48 MHz, but their height tends to decrease slightly at frequencies closer to the main peak. These peaks are due to scattering of light off radial acoustic modes in the fiber and are therefore due to an interaction between the propagating light and a shear mode of the Brillouin scattering. The acoustic modes arise spontaneously due to the finite temperature of the fiber and their existence is supported by the cylindrical geometry of the fiber [11] . Contrary to the perhaps better known stimulated Brillouin scattering, which travels in the backward direction, shear modes of the Brillouin scattering result in forward propagating waves that are detected in the experimental setup used here. When propagating in the LSFS, the Brillouin scattered light also is frequency shifted by the AOM and, for every revolution, the shift of the main signal frequency leads to generation of new peaks. This action makes the spectrum of the Brillouin scattering complex and varying from pulse to pulse. However, in the case of light propagating in a single optical fiber, the frequency of each acoustic mode and therefore also the frequency shift of the scattered light may be calculated from
where V s is the velocity of the transverse acoustic waves in the fiber, a is the total fiber radius (core plus cladding radius), and y m is the mth zero of the following determinant [11] :
Here J 2 and J 3 are Bessel functions of the first kind, order 2 and 3, respectively, and V d is the velocity of the longitudinal acoustic waves in the fiber. The efficiency of the scattering is proportional to the fiber length, and using a shorter delay line could thus reduce the influence of the Brillouin scattering. It is further noted that the experiment showed a strong polarization dependency of the scattering efficiency.
To confirm that Brillouin scattering is the cause of the detected peaks the 11 km delay line was removed from the setup and the spectrum of light transmitted through the fiber recorded. The inset in Fig. 3 shows the resulting spectrum after subtraction of background noise and several distinct peaks are easily seen. The main figure in Fig. 3 shows the frequency shift of the first 32 modes calculated using Eq. (1) (solid line) together with the measured frequency shifts (open circle) found from the inset figure. In the calculation, values of 3764 m∕s, 5968 m∕s, and 63.1 μm were used for V s , V d , and a, respectively, and the latter was used as a fitting parameter, resulting in a value in very good agreement with the expected value of 62.5 μm [12] .
As seen in Fig. 3 , excellent agreement between the calculated and measured frequency shifts is found throughout the measured spectrum and also the spacing between the peaks agrees very well with the spacing found in the pulse spectra. This confirms the origin of the noise peaks. Besides using a shorter fiber, one way to reduce the Brillouin scattering could be to use a different fiber type, such as a photonic crystal fiber [13] .
A LSFS has been build to investigate the spectral content of the emitted pulses and especially the accuracy of the frequency shifts. The generated stable pulse trains consisted of 15 pulses, each being 50 μs wide. The spectral content was measured in a heterodyne setup with a balanced photo detector and a time-gated ESA.
The measurements showed that the shift in frequency from pulse to pulse determined by the AOM, as expected, was extremely accurate and better than the resolution bandwidth used in the measurement. However, the measurements also revealed different noise contributions in the spectra of the pulses. First, the AOM leaks nonshifted as well as double-shifted light leading to narrow spikes at integer multiples of the AOM RF frequency. Second, the optical fiber itself gives rise to noise in the form of frequency-shifted light originating from forward-going Brillouin scattering. These noise contributions are small, but can nevertheless have a severe effect where quantum noise limited detection is necessary such as, for example, in wind-sensing Doppler lidar.
